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► Piauçu ﬁsh exposed to conspeciﬁc alarm substance (CAS) reduced locomotion.
► Subcutaneous injection of formalin (FOR) enhanced locomotion (nociceptive response).
► FOR-mediated enhancement in locomotion is reduced after exposure to CAS.
► This enhancement was blocked by naloxone suggesting that opioid signaling is involved.
► Endogenous analgesic system in ﬁsh can be activated by chemical substance that signals danger.⁎ Corresponding author at: Department of Physiology,
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Formalin testDefense and antinociceptive responses can be elicited simultaneously by learned or innate danger signals
when an organism is in imminent danger. Antinociception blocks the recuperative behavioral reactions fol-
lowing pain perception that could interfere with defensive efforts. Antinociception associated with fearful ex-
periences involving a confrontation with a predator or a predator being in close proximity is well studied in
mammals, but very little is known about how fear affects antinociception responses in ﬁsh. Antipredator be-
havior in Ostariophysan ﬁsh may be elicited by exposure to conspeciﬁc alarm substance (CAS) that can trigger
a fear reaction. During the predator versus prey confrontation, the alarm pheromone system is activated and
warns conspeciﬁcs about the assessment of predation risk. The purpose of the present study was to examine
the possible activation of the endogenous analgesic system in Leporinus macrocephalus ﬁsh and to evaluate
the modiﬁcation of swimming activity induced by a nociceptive stimulus (i.e., a subcutaneous injection of
3% formalin) in ﬁsh that had previously been exposed to the CAS. The results show that formalin-mediated
enhancement in swimming activity was signiﬁcantly reduced after exposure to the CAS. This enhancement
was blocked by naloxone (20 mg/kg), which suggests that opioid signaling is involved. Therefore, we hypoth-
esized that antinociceptive processes may occur in ﬁsh following exposure to a chemical substance that sig-
nals predation.
© 2013 Elsevier Inc. Open ac  cess under the Elsevier OA license.1. Introduction
Aquatic animals use chemical information from the environment to
make decisions related to foraging, reproduction and the assessment of
predation risk [1]. In the context of defense, the ability of prey to recog-
nize chemical cues from conspeciﬁcs and someheterospeciﬁcs is vital to
survival because the chemical cues are a reliable means of assessing the
presence of a predator. Chemically triggered fear responses in ﬁsh were
discovered over seventy years ago [2], and Von Frisch observed thatSchool of Medicine of Ribeirão
14049-900 Ribeirão Preto, SP,
ugusto@rﬁ.fmrp.usp.br
n).
vier OA license.injury to the skin of minnows (Phoxinus phoxinus) caused other nearby
minnows to alter their ongoing behavior. The substance released by
injured skin was subsequently termed conspeciﬁc alarm substance
(CAS), and changes in behavior and physiology were called the alarm
reaction.
Antipredator behavior in Ostariophysan ﬁshmay be elicited by chem-
ical cues, including alarm substance and predator odors [3,4]. The pres-
ence of specialized epidermal club cells that contain CAS is one of the
deﬁning characteristics of these ﬁsh. Thus, Ostariophysan ﬁsh possess
an alarm pheromone system that warns conspeciﬁcs about predator
activity [1].
The alarm reaction consists of a set of behaviors that may protect ﬁsh
from nearby active predators. Escape strategies involve a combination of
behavioral and physiological responses that allow the organism to adapt
to new situations [5]. Although the alarm reaction varies among species,
Table 1
The number and percentage (in parentheses) of behavioral responses observed in
Leporinus macrocephalus after the addition of 1 ml of distilled water (DW) or the con-
speciﬁc alarm substance (CAS) into the aquarium.
Behavioral
Responses
Stimulus
DW (n=14) CAS (n=14)
Increase 0 0
Slowing 0 6 (42.9%)
Biphasic 0 0
Freezing/immobility 1 (7.1%) 6 (42.9%)
No response 13 (92.5%) 0
Increase=rapid swimming activity.
Slowing=decreased locomotion occassionaly interrupted by burst of movements.
Biphasic=initial phase of erratic movements (zigzagging) followed by a longer period
of immobility or very low activity in the bottom corner of the aquarium.
Freezing or immobility: cessation of swimming activity as the animals settles to a
bottom corner of the aquarium.
No response=that regards to the maintenance of subject's ongoing behavior.
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cohesion. Behavioral studies have shown that the olfactory system is nec-
essary for the recognition of conspeciﬁc and heterospeciﬁc alarm sub-
stance [6–8]. We have previously shown that juvenile piauçu (Leporinus
macrocephalus) possess an alarm pheromone system. A skin extract
from these ﬁsh triggers defensive responses in conspeciﬁcs, specially
“freezing”behavior or a reduction of locomotor activity. Furthermore, his-
tological analysis of the epidermal tissue has shown the presence of club
cells [9,10]. The club cells in piauçu are structurally and histochemically
similar to the club cells found in other Ostariophysan species as well as
in Leporinus piau [9,10], Brycon cephalus [8], Phoxinus laevis [11] and
Phoxinus phoxinus [4].
The alarm reaction is a complex behavioral response that can be used
to investigate the biological basis of fear in vertebrates [12]. Fear is a crit-
ical response for the survival of animals [13] because it serves as a de-
fense mechanism against potentially dangerous environmental threats
[13,14]. Following fear induction, the endogenous analgesic system is
activated, which blocks recuperative behavioral reactions that result
from pain perception. Consequently, fear provides a survival-related
function in threatening situations.
In ﬁsh, the fear-potentiated alarm response can be reliably triggered
in a laboratory setting by exposure to skin extracts of certain species.
Thus, the exposure to a CAS associated with a noxious stimulus can be
a useful tool to study the endogenous analgesic system in ﬁsh. The exis-
tence of an endogenous analgesic system in vertebrates, such as mam-
mals [15], reptiles [16] and amphibians [17], is well established, but
very little is known regarding analgesic systems in ﬁsh. The purpose
of the present study was to investigate the existence of an endogenous
analgesic system in L. macrocephalus ﬁsh by evaluating themodiﬁcation
of swimming activity induced by a nociceptive stimulus (i.e., subcuta-
neous injection of 3% formalin) in ﬁsh that had previously been exposed
to the CAS.
2. Methods
2.1. Ethics
This research is in accordance with the Ethical Principles in Animal
Research adopted by the Brazilian College of Animal Experimentation
(COBEA) and was approved by the Ethics Committee of our institution
(no. 021/2007).
2.2. Fish
The experiments were conducted using a total of 83 juveniles of
freshwater piauçu between 10 and 12.5 cm in length. Piauçu is a
Brazilian non-migratory omnivorous ﬁsh which occurs in waters
with a relatively high oxygen content and can be captured in river
channels especially near the vegetation. The ﬁsh were obtained
from a local commercial distributor and were allowed to acclimate
for a minimum of 10 days prior to experimentation. We did not
assess gender effects in the current study. Piauçu ﬁsh were individu-
ally maintained in glass aquaria (40×22×20 cm) containing
dechlorinated tap water at 26±1 °C and were kept on a 12:12 hour
light/dark cycle. All the aquaria were ﬁtted with a ﬁltration system,
and a substrate covered the ﬂoor. The ﬁsh were fed ad libitum once
a day with commercial ﬂake food (Nutripeixe AL45, Purina). We pro-
vided food totaling 3% of ﬁsh body mass per day. animals were
sacriﬁced immmediately after the experiments by immersion in
tricaine methasulfonate (MS222 1g/L; Sigma, St. Louis, MO).
2.3. Conspeciﬁc alarm substance
Ten juvenile piauçu ﬁsh were sacriﬁced with blows to the head and
skin ﬁllets, detached from the muscle, were removed from both sides
of the body to obtain the CAS. Approximately 4 cm2 of skin washomogenized in 10 ml of distilled water (DW) at 29,000 rpm for
1.5 min (Ultra Stirrer Homogenizer, Ultra380). The homogenatewasﬁl-
tered to remove the scales and the remaining tissue. The CAS aliquots
were immediately frozen and stored at −20 °C until used in the
experiments.
2.4. Nociceptive test
2.4.1. Formalin test
Formalin solutions were injected subcutaneously into the region
underlying the adipose ﬁn to replicate the formalin pain model previ-
ously established for rats [18]. This model has also been adapted for
use in other mammals and crocodiles [19] and is an efﬁcient method
for producing pain. Formalin (1%, 3% and 5%) has been used in the
laboratory as a noxious stimulus in Oreochromis niloticus ﬁsh and
the 3% solution proved to be the most efﬁcient dose to reduce the
magnitude of reversible cardiac arrest induced by a moving shadow,
obtained by passing a black paper above the aquarium [20]. The
highest concentration used by [20] (3%) was lower than the percent-
age that is usually used in mammals (5%), and we also used 3% forma-
lin in the present study.
The region underlying the adipose ﬁn was chosen for the 3%
formalin injection because it has a high concentration of nociceptors.
Fish possess a well-developed system for the perception of pain, with
nociceptors present over the whole body [21].
The regions that are most sensitive to noxious stimuli in ﬁsh are
the blade of caudal ﬁn, the dorsal and pectoral ﬁns, the skin around
the eyes and the epithelium of the olfactory sac [22].
2.5. Drugs
Naloxone hydrochloride (Tocris Bioscience, Ellisville, MO, USA) was
dissolved in teleost Ringer's solution (saline). Naloxone (20 mg/kg)
was applied intramuscularly using a 1 ml insulin syringe and a 28.5-G
needle. The volume of the injection was 0.1 ml/10 g ﬁsh weight.
2.6. Data collection and evaluation
2.6.1. Behavioral response
During the experiments, the ﬁsh were monitored with a VHS video
camera placed in front of the aquarium. The behavioral responses to
CAS stimulation were assigned to one of ﬁve categories as described
in Table 1: increase, slowing, biphasic, immobility (or freezing) and no
response.
2.6.2. Swimming activity
To quantify the behavioral responses, a nine-cell rectangular grid
(12.3×7 cm cells) was drawn on the outside of the back wall of the
Fig. 2. The effects of exposure to the conspeciﬁc alarm substance after subcutaneous
injection of 3% formalin on the swimming activity (delta of locomotion) (the mean±
SEM). We examined the effects of a subcutaneous injection of saline (n=7) after the
addition of distilled water in the aquarium (DW+SAL); a subcutaneous injection of
3% formalin (n=7) after the addition of distilled water in the aquarium (DW+
FOR); a subcutaneous injection of saline (n=7) after the addition of the conspeciﬁc
alarm substance in the aquarium (CAS+SAL); and a subcutaneous injection of 3% for-
malin (n=7) after the addition of the conspeciﬁc alarm substance in the aquarium
(CAS+FOR). Different letters indicate signiﬁcant difference (F=32.732, df=3,
pb0.001) (ANOVA followed by Tukey post-hoc test, pb0.05).
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lateral and superior walls of the aquarium were covered with brown
paper. Swimming activity was calculated as the number of grid lines a
ﬁsh crossed during each observation period. GW BASIC was used to the
track the movements of the ﬁsh [23]. Swimming activity is expressed
as the difference (delta of locomotion) in the number of crossings before
(baseline) and after (poststimulus) exposure to the noxious stimulus.
Quantiﬁcation of swimming activity is a sensitive index to evaluate stress
(defense) responses and pain in ﬁsh.
2.7. Experimental protocol
2.7.1. First phase
The observation protocol consisted of three consecutive 5 min re-
cordings: swimming activity (baseline); swimming activity and behav-
ioral responses after the addition of 1 ml of DW or the CAS into the
aquarium; and swimming activity (poststimulus) after the administra-
tion of 0.2 μl of saline (SAL) or 3% formalin (FOR) in the region underly-
ing in the adipose ﬁn. The ﬁsh were removed from the aquarium and
placed on a wet paper towel for the FOR or SAL administration and im-
mediately returned to thewater. Thismaneuver testwas approximately
15 sec. The experimental groups were: DW+SAL (n=7), DW+FOR
(n=7), CAS+SAL (n=7) and CAS+FOR (n=7).
2.7.2. Second phase
The ﬁsh were pretreated with naloxone (NAL, 20 mg/kg) or SAL
5 min before the addition of 1 ml of the CAS to the aquarium. Five mi-
nutes later, 0.2 μl of SAL or FOR was applied to the region underlying
the adipose ﬁn in the following combinations:
SAL+CAS+SAL (n=7), SAL+CAS+FOR (n=7), NAL+CAS+SAL
(n=8) and NAL+CAS+FOR (n=7). Swimming activity wasmeasured
5 min after the pretreatment (baseline) and 5 min after exposure to ei-
ther the noxious stimulus or SAL (poststimulus). At the endof the experi-
ments, animals were sacriﬁced by immersion in tricainemethasulfonate
(MS222 0.2 g/L; Sigma, St. Louis, MO).
2.8. Statistical analysis
The data are expressed as the mean±standard error of the mean
(SEM). All of the results were initially submitted to a normality test
andwere analyzed using appropriate parametric statistical tests. A sim-
ple t-test was used to compare the delta values of locomotion following
DWand CAS exposure in solitary ﬁsh. OneWay-ANOVA followed by the
Student–Newman–Keulsmethod and Tukey post-hoc comparisonswas
used to compare the delta values of locomotion between the experi-
mental groups. Statistical tests were conducted using SigmaStat v.3.5.
In all the tests, the signiﬁcance level was set at pb0.05.Fig. 1. The mean (±SEM) swimming activity (delta of locomotion) of piauçu after the
addition of distilled water (DW) (n=14) or the conspeciﬁc alarm substance (CAS)
(n=14) in the aquarium. The asterisk indicates a signiﬁcant difference (T=276.500;
pb0.001) (Mann–Whitney rank sum test).3. Results
The number and percentage of piauçu ﬁsh behavioral responses to
the CAS are shown in Table 1. We did not observe any change in the
swimming behavior of 92.9% of the ﬁsh exposed to DW. In addition,
the ﬁsh exposed to the CAS primarily displayed immobility or freez-
ing behavior (42.9%), which was characterized by the cessation of
all movements. Indeed, the ﬁsh settled in a corner at the bottom of
the aquarium and reduced movements of the dorsal and tails ﬁns.
Some of the ﬁsh (42.9%) displayed a slowing response, which was
characterized by a decreased in locomotion that was interrupted by
occasional bursts of movement. Swimming activity (delta of locomo-
tion) decreased after the CAS but not after DW exposure (T=276.500;Fig. 3. The effects of pretreatmentwith naloxone (20 mg/kg) prior to exposure to the con-
speciﬁc alarm substance and subcutaneous injection of 3% formalin on the swimming ac-
tivity (delta of locomotion) (the mean±SEM). We examined the effects of pretreatment
with saline followed by the addition of the conspeciﬁc alarm substance in the aquarium
before the subcutaneous injection of saline (SAL+CAS+SAL) (n=7); pretreatment
with saline followed by the addition of the conspeciﬁc alarm substance in the aquarium
before the subcutaneous injection of 3% formalin (SAL+CAS+FOR) (n=7);
pretreatment with naloxone followed by the addtion of the conspeciﬁc alarm substance
in the aquarium before the subcutaneous injection of saline (NAL+CAS+SAL) (n=8);
and pretreatment with naloxone followed by the addition of the conspeciﬁc alarm sub-
stance in the aquarium before the subcutaneous injection of 3% formalin (NAL+
CAS+FOR) (n=7). Different letters indicate signiﬁcant difference (F=6.128; df=3;
p=0.003) (ANOVA followed by Student–Newman–Keuls post-hoc test, pb0.05).
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sponse to CAS stimulation (Fig. 1).
The increase in swimming activity induced by the subcutaneous
injection of FOR was blocked by the CAS exposure (Fig. 2). The delta
of locomotion in the CAS+FOR group was signiﬁcantly lower com-
pared with the DW+FOR group (q=10.691; pb0.001) but did not
differ from the groups in which SAL was applied subcutaneously
after the addition of DW (DW+SAL) (q=0.985, p=0.897) or the
CAS (CAS+SAL) (q=2.259, p=0.399).
Intramuscular administration of NAL (20 mg/kg) partially reversed
the antinociceptive effect induced by exposure to the CAS. Swimming
activity increased following subcutaneous administration of FOR or
NAL (Fig. 3). The delta of locomotion in the NAL+CAS+FOR group
was signiﬁcantly higher compared with the ﬁrst that was exposed to
the CAS in the three different control groups: pretreated with SAL and
subcutaneous injection of SAL (SAL+CAS+SAL), pretreated with SAL
and subcutaneous injection of FOR (SAL+CAS+FOR) and pretreated
with NAL and subcutaneous injection of SAL (NAL+CAS+SAL).4. Discussion
The piauçuﬁsh thatwere exposed to the CAS exhibited a reduction in
swimming activity, which was evaluated by the delta of locomotion,
with immobility (freezing) occurring in 50% of the cases. Conversely,
application of a noxious stimulus (FOR injected subcutaneously) en-
hanced swimming activity, which was interpreted as a nociceptive re-
sponse. The ﬁsh that were exposed to the CAS and injected with FOR
showed a reduction in swimming activity, which was not observed
when the ﬁsh were injected with SAL. These data suggest that
antinociception can be triggered by exposure to a substance that signals
imminent danger.
Antinociception represents an important part of an animal's defense
behavior. A decrease in nociceptive sensitivity allows a threatened or
injured animal to engage in necessary defensive behaviors, such as
freezing,ﬂeeing or ﬁghting, byminimizing signals thatwould otherwise
alert the animal to attend to an injury [15].Wide variety of environmen-
tal events can induce antinociception, which is a response that has been
documented in mammals, including rats, mice, rabbits, cats, monkeys
and humans [24]. To the best of our knowledge, the present study is
the ﬁrst to report that ﬁsh have antinociceptive responses when
exposed to a chemical substance that signals danger.
In most animals the defensive and endogenous analgesic system can
be activated simultaneously by the same stimuli [25]. Defense and
antinociception can be elicited by learned or innate danger signals,
such as the presence of a natural predator and odors from stressed con-
speciﬁcs [26] reported that rats that were exposed to a cat showed a
reduced response in the formalin test. In addition, [27] demonstrated
that rats freeze and cease responding to the formalin test when placed
in an environment where they had previously been shocked. Moreover,
[28] reported that rats submitted to the hot plate test showed analgesia
after dorsal immobility. Furthermore a reduction of the responses to the
formalin and hot plate tests was observed in guinea pigs after the induc-
tion of tonic immobility [29]. The present results indicate that exposure
to CAS activates the endogenous analgesic system in ﬁsh. Activation of
the analgesic system permits the expression of the simultaneously acti-
vated defense system by inhibiting the skeletomotor responses to the
subcutaneous injection of FOR.
Several investigators have argued that fear plays a critical role in
potentiating some environmentally induced antinociceptive responses.
The responses observed in the presence of CAS are considered innate
and can trigger fear reaction in ﬁsh [12]. Thus, we propose that CAS
exposure may evoke a negative affective state by activating a system
that is responsible for defense. This hypothesis is further supported by
studies that have shown that anxiolytic benzodiazepines reduce intra-
speciﬁc attack behaviors in Siamese ﬁghting ﬁsh [30] and the alarmbehavior in fathead minnows that are exposed to alarm pheromone
[31] without inducing sedative effects.
Motivational affective states are becoming more prevalent in the
evaluation of animal welfare [32]. Fear is considered to be a primitive
negative emotion that results in behavioral and physiological changes
caused by the perception of danger [33–35]. Fear is an extremely dif-
ﬁcult state to assess because, like any other feeling, it is a subjective
experience [36]. However, fear can be investigated by quantifying
the separate processes that underlie the emotion of fear, even in ani-
mals that do not have proven conscious emotions [37]. Recently,
researchers have begun to quantify motivational affective states in
ﬁsh [38,36,35,12].
Fear and pain are independent and competitive motivational sys-
tems that have distinct biological functions. Fear associatedwith a pain-
ful event results in defensive behaviors and the inhibition of pain [15].
There is also evidence that fear inhibits pain in humans [39]. In ﬁsh, a
number of different defensive behavior patterns can be observed by
various potential or actual threatening situations, depending on the
species. These include escape responses like rapidly swimming away
(“startle”) [40,36], erratic zigzagging movements, “freezing” and sink-
ing [41]. Thus, fear can be conceived as a functional defense behavioral
system that represents part of the innate species-speciﬁc behavioral
repertoire that is basic to the survival of both individuals and entire spe-
cies. Indeed, fear functions to protect living organisms against danger-
ous, threatening and aversive situations [42].
Most studies related to pain have been developed in mammals be-
cause of their similarity to the mechanisms involved in pain perception
in humans. Recently, other vertebrates, such as ﬁsh [43], amphibians
[44] and birds [45,46], have been studied, although little information ex-
ists regarding pain in these animals. The present results suggest the exis-
tence of an endogenous analgesic system in ﬁsh that may be activated in
the context of fear or defense. In the present study, we observed that the
inhibition appears to be mediated by an endogenous analgesic system
involving opioid signaling because animals pretreated with NAL before
the CAS exposure showed an increase in swimming activity in response
to FOR. In the present experiments the main response to the CAS expo-
sure was immobility (freezing). Prior studies have found that analgesia
in mammals is not mediated by opioids during an active defense re-
sponse (i.e., ﬁght or ﬂight), whereas analgesia does appear to depend
onopioid signaling during passive defense responses (i.e., tonic immobil-
ity or freezing) [47,29].
5. Conclusion
Our ﬁndings support the hypothesis that an endogenous analgesic
system involving opioidergic mechanism is present in ﬁsh and can be
activated by exposure to a chemical which signals imminent danger.
Importantly, the endogenous analgesic system is simultaneously acti-
vated with the fear or defense systems.
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